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a b s t r a c t 
Auto-ignition of turbulent stratiﬁed mixing layer between hydrogen and hot air under elevated pressures 
p = 1–30 atm is studied using direct numerical simulations (DNS) in this work. Homogeneous isotropic 
turbulence is superimposed on the ﬁeld. Detailed chemical mechanism and multicomponent diffusion 
model are employed. Other than turbulent mixing ignition (TMI), homogeneous mixing ignition (HMI) 
and laminar mixing ignition (LMI) are also investigated for comparison. For both laminar and turbulent 
cases, the onset of auto-ignition always happens at the same most reactive mixture fraction isosurfaces. 
Most reactive mixture fractions in diffusion auto-ignition are inconsistent with HMI calculations and shift 
to the rich side owing to diffusion for all pressures. At elevated pressures, auto-ignition chemistry is 
different from low pressures. The importance of H 2 O 2 and HO 2 is highlighted as radical sinks during 
the ignition process, and can also be used as an indicator for locating the ignition spots. Moreover, OH 
radicals can be used as a marker variable for the transition of auto-ignition to ﬂame propagation under 
high pressures. Two stages are involved in the diffusion ignition process: radical explosion and thermal 
runaway. According to our study, under elevated pressures, turbulence has little inﬂuence on the radical 
explosion stage. The role of turbulence is to accelerate the thermal runaway stage in the kernels to make 
the ignition delay time (IDT) shorter than laminar cases. 
© 2018 The Authors. Published by Elsevier Ltd. 





































Hydrogen as a fuel is promising for its wide inﬂammable lim-
ts, fast burning speeds and zero emissions of carbon dioxide af-
er combustion, and is now used as fuel or fuel additive in prac-
ical engines like HCCI [1,2] and gas turbine combustors [3] . Auto-
gnition characteristics of hydrogen have been widely studied in
omogeneous and laminar unstrained and strained conﬁgurations
4,5] . At low temperatures, an inverted “S” shaped curve divides
he explosive and nonexplosive regions. At higher pressures, sec-
ndary branching involving the formation and decomposition of
 2 O 2 characterizes the third explosion limit. Within the explosive
egion, differences in the nature of the reaction have been experi-
entally observed in shock tubes as “weak” and “strong” ignition
orresponding to a transition around the extended second limit [6] .
In practical combustion applications, partially premixed ﬂames
n turbulence are ubiquitous. Thus, it is important to study auto-∗ Corresponding author at: Department of Mechanical Engineering, University 
ollege London, Torrington Place, London WC1E 7JE, UK. 
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elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016gnition in turbulent fuel-air mixtures in the presence of partial
remixing to develop design and operating strategies for engines.
owever, it is a multifaceted problem and diﬃcult to model for its
on-equilibrium features and intrinsic complexity involving chemi-
al reactions, molecular and thermal diffusion, and turbulent trans-
ort, especially with presence of compositional stratiﬁcations. 
Among many applications, DNS has been applied to the study of
uto-ignition in turbulent partially premixed mixtures with ther-
al and/or compositional stratiﬁcations [7,8] . Even though this
ethod requires prohibitive numerical costs for practical engineer-
ng conﬁgurations at large scales, it offers an excellent complement
o experiments in order to assess the various physical mechanisms,
o obtain complementary information on ﬂame structures, and
herefore to improve turbulent combustion modelling. 2D DNSs
f non-homogeneous hydrogen–air mixtures with a random initial
elocity and mixture fraction ﬁelds have been reported by Echekki
nd Chen [9,10] . Multi-step kinetics were employed to model hy-
rogen oxidation and simulated pressure was 1 bar. 
Auto-ignition in the turbulent mixing layer is one of the canon-
cal partial premixing conﬁgurations. Hot spots form locally in the
ean mixture zone with heat release and temperature increasing.nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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ξThe hot spot then propagates toward the stoichiometric isolevel,
implying both premixed and non-premixed combustion regimes
[11] . The importance of partially premixed combustion during this
process has been emphasized in previous work [12] . Mastorakos
et al. have reported results from 2D direct numerical simulations
(DNS) of methane–air mixing layers in an isotropic homogeneous
decaying turbulent environment at elevated initial fuel–air temper-
atures (approximately 10 0 0–120 0 K). A single-step global reaction
chemistry mechanism was employed to model methane oxidation.
The simulated pressure was 1 bar. They observed that auto-ignition
occurred along the ‘most reactive’ mixture fraction isoline with low
magnitudes of the scalar dissipation rate in the fuel–air mixing
layer. Higher values of scalar dissipation led to heat and species
loss from the reactive regions, thereby delaying auto-ignition. 
However, hydrogen’s ignition characteristics are markedly dif-
ferent from hydrocarbons like methane. Hydrogen has a very
high diffusivity, which results in preferential diffusion, altering
global combustion characteristics such as heat release rate, tur-
bulent ﬂame speed and burning rate via thermal-diffusive insta-
bilities [13] . The effects of differential diffusion were investigated
by Hilbert and Thevenin [14] and the importance of using de-
tailed diffusion model was emphasized. 2D DNS of auto-igniting
hydrogen–air mixtures in an isotropic homogeneous decaying tur-
bulence have also been reported by Im et al [15] . Multi-step ki-
netics were employed to model hydrogen–air oxidation. The initial
temperatures of the fuel and air streams were selected to be 1100 K
and 300 K respectively, and simulated pressure was 1 bar. Im et al.
[15] considered constant Lewis numbers for each species. Thermal
diffusion was not considered. Hilbert and Thevenin [16] investigate
auto-ignition of hydrogen/air mixing layer using different diffusion
model including Le number equals to unity, constant Lewis num-
bers for each species and multi-component diffusion model. They
found that the onset of heat release is inﬂuenced by the diffusion. 
However, previous DNS studies of auto-ignition of hydrogen/air
mixing layer mentioned above were performed in high temper-
atures or low pressures which lie in the regime of strong igni-
tion. The role of elevated pressure is not well demonstrated, espe-
cially with detailed chemical kinetics and multi-component trans-
port models. At high pressures, ignition delay time becomes much
longer than atmospheric condition. Investigation of ignition prob-
lems of high pressures leads to much more computational cost,
which is not feasible in previous studies. In the present work,
direct numerical simulations are employed to investigate a time-
dependent H 2 /N 2 /air igniting mixing layer using detailed models
for chemistry and diffusion velocities under stepping-up pressures
from 1 atm to 30 atm. As pressures increase, auto-ignition falls
into weak ignition regime, in which auto-ignition delay time be-
comes longer. The ignition chemistry of high pressures is much
different from that of low pressures and interacts with turbulence
intricately. The aim of this paper is to provide a better understand-
ing of auto-ignition in thermally and compositionally stratiﬁed hy-
drogen/air mixtures using DNS under elevated pressures. 
2. Numerical methods 
A DNS must resolve both ﬂuid dynamics and ﬂame struc-
tures, especially for the non-equilibrium auto-ignition process.
Even though this method requires prohibitive computational costs
for practical engineering conﬁgurations, it offers an excellent com-
plement to experiments in order to assess the importance of var-
ious physiochemical mechanisms, to obtain complementary infor-
mation on ﬂame structures, and therefore to improve turbulent
combustion modelling. 
Turbulent auto-ignition process in the present study is gov-
erned by the Navier–Stokes equations, the continuity equation, and
the transport equations for energy and species mass fractions. ThePlease cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016ody force, the Soret effects and the radiation heat transfer are
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here ρ represents mixture density, u j the components of velocity,
 the pressure, N s the total number of species, V kj the component
f the diffusion velocity of species k in the direction of j , ˙ ω k the
hemical production rate of species k, q j the j th component of the
eat ﬂux vector and τ ij the stress tensor: 
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here δij is the Kronecher symbol and η is the dynamic viscosity. 
The detailed description of the code has been reported in sev-
ral previous studies [17–20] and will be brieﬂy described here.
 spatial sixth-order central scheme and an explicit fourth-order
unge-Kutta time integrator are employed. In its recent version
18–20] , the skew-symmetric formulation [21] has been imple-
ented for the convective terms in order to reduce even fur-
her numerical dissipation and increase stability. The formulation
s high order and contains no artiﬁcial dissipation. Numerical sta-
ility is enhanced through semi-discrete satisfaction of global con-
ervation properties stemming from the second law of thermody-
amics and the entropy equation. The numerical implementation
s achieved using a conservative skew-symmetric splitting of the
onlinear terms. The extended Navier-Stokes Characteristic Bound-
ry Conditions (NSCBC) [22,23] are used, with pressure relaxation
pplied along all open faces. The accuracy of the code has been
ssessed in several previous studies [16,24–28] . 
The parallelization is in a 3D block structure using the MPI
rotocol for data exchange. The code offers a good peak perfor-
ance and a near perfect parallel scaling for up to 4096 comput-
ng cores on ARCHER. Furthermore, a fully parallel I/O (via MPI-I/O)
s employed in the code, where multiple processes of the parallel
rogram access data (for read/write) from a common, shared ﬁle.
his technique provides both higher performance (speedup in time
eeded for writing/reading all ﬁles by a factor of at least 3 com-
ared with sequential I/O) and single (restart/solution) data ﬁles. 
. Computational conﬁgurations 
The DNS domain is two-dimensional with periodic and sub-
onic non-reﬂecting boundary conditions. The domain size is
 cm ×1 cm. On the left, we impose T = 1100 K, Y O2 = 0.233 and
 H2 = 0. On the right of the domain, we have T = 300 K, Y O2 = 0, and
 H2 = 0.023. An appropriate nitrogen complement is then added,
nd initial velocities are set equal to zero. The initial domain and
onditions are shown in Fig. 1 . The mixing layer in temperature
nd species between air and fuel is imposed as hyperbolic-tangent
roﬁles with a stiffness parameter. The initial values for any prim-
tive variable e.g. mixture fraction ξ are transformed into smooth
roﬁles according to: 
= 1 [ 1 − tanh ( s · ( x − x m ) ) ] 
2 
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Fig. 1. The computational domain and initial mixing layer distributions. 
Table 1 
Turbulence conditions for calculations. 
p (atm) u’ (m/s) l t (mm) τ t (ms) Re t ƞ (μm) Grid Resolution (μm) Cost (cpu •hours) 
1 1.6 1.6 1.0 148 38 10 0 0 2 10 1,200 
5 0.72 0.72 1.0 148 17 20 0 0 2 5 20,160 
10 0.5 0.5 1.0 148 12 20 0 0 2 5 28,800 



































Fig. 2. Homogeneous auto-ignition delay time versus pressure under various initial 









s  here x m is the middle of the x axis. The constant s is a measure
f the stiffness at the fresh/burnt gas interface. The initial proﬁles
f mixture fraction with different stiffness are shown in Fig. 1 (on
he right side). The present study uses the stiffness of s = 20 0 0. 
Turbulent conditions for different pressures investigated in the
resent study are listed in Table 1 . Turbulent intensity u’ and in-
egral length scale l t are set to characterize turbulence. Turbulent
ime scale τ t and turbulent Reynolds number Re t are kept iden-
ical for different pressures. Turbulent time scale τ t is 1 ms, and
he turbulent Reynolds number Re t is 148. Kolmogorov scales ƞ are
alculated to determine the spatial resolution of the computational
omain. 1001 ×10 01 grids, 20 01 ×20 01 grids, 20 01 ×2001 grids,
001 ×5001 grids are used and allow spatial resolutions of 10 μm,
 μm, 5 μm, 2 μm for pressures p = 1 atm, 5 atm, 10 atm, 30 atm
espectively. Kolmogorov scales ( ƞ) are resolved by 3 grids which
re adequate for convergence [31] . Time step is controlled by the
FL number. 
A detailed chemical scheme of nine species (H 2 , O 2 , H 2 O,
H, H, O, HO 2 , H 2 O 2 , and N 2 ) and 37 reactions to describe the
ombustion of H 2 in the air [29] is included, taking into ac-
ount multicomponent diffusion velocities and thermo-diffusion
ffects. Thermo-dynamic parameters are determined using ﬁfth-
rder polynomial ﬁts of experimental measurements. A ﬁeld of ho-
ogeneous isotropic pseudo-turbulence is superimposed on initial
roﬁles at t = 0. The parameters chosen by the user are the root-
ean-square (RMS) velocity u ’ which indicates the turbulent in-
ensity and the integral length-scale of turbulence. 
Mixture fraction ξ characterizes the level of mixing between
he reactants. It takes a value of 0 in pure oxidizer and a value of
 in pure fuel. A careful deﬁnition of the mixture fraction ξ is re-
uired when taking into account differential diffusion. The follow-
ng formulation, proposed in [30] and has been checked for various
onﬁgurations, is used in the present work: 
= ( Y H − Y H,ox ) / 2 W H − ( Y O − Y O,ox ) / W O (
Y H, f u − Y H,ox 
)
/ 2 W H −
(
Y O, f u − Y O,ox 
)
/ W O Please cite this article as: T. Yao et al., Direct numerical simulation s
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016here Y H and Y O are the elemental mass fractions of elements H
nd O, and the subscript ox and fu stand for initial conditions on,
espectively, the oxidizer and fuel sides. W H and W O stand for rel-
tive elemental mass for H and O. 
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. Results and discussion 
.1. Homogeneous mixing ignition 
Homogeneous mixing ignition (HMI) is the simplest model to
tudy the chemical kinetics effects on ignition leaving out of con-tudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 3. Auto-ignition delay time in HMI versus mixture fraction under various pres- 








































(vection and diffusion. Before investigating more complicated auto-
ignition problems in the turbulent mixing layer, homogeneous
auto-ignitions of hydrogen/air pre-mixture are performed ﬁrst us-
ing zero-dimensional code SENKIN [32] under various pressures,
temperatures and compositions. As the ignition delay time (IDT)
is characterized by a period of radical build-up and the following
heat release with temperature increasing. IDT t ign can be deﬁned
by Eq. (1) as the instant of inﬂection point of maximum heat re-
lease rate q max . 
∂ 2 q max 
∂ t 2 
∣∣
t= t ign = 0 (1)Fig. 4. Evolution of temperature and radicals in HMI corresponding to the most reactive m
d) p = 30 atm. 
Please cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016IDTs are measured and plotted versus pressures in Fig. 2 . It can
e seen that in the temperature range of T = 90 0–120 0 K, IDT de-
reases with temperature increasing, and IDT is not as sensitive
o equivalence ratio as to temperature. It is worth noting that IDT
hanges with pressure non-monotonically. IDT decreases ﬁrst and
hen increases following by slowly decreasing as pressure increases
long a ﬁxed temperature line. As pressure increases, ignition falls
o different ignition limit regime characterized by different chem-
cal kinetics and reaction paths, which will be demonstrated later.
he ﬁrst ignition limit is identiﬁed as the low-pressure region
here the IDT drops with increasing pressure. In the second igni-
ion limit, IDT rises as pressure increases. In addition, in the third
imit, IDT decreases slowly with pressure increasing. Representative
ressures p = 1, 5, 10, 30 atm in different ignition regimes are se-
ected to perform further studies on diffusion auto-ignition ( Fig. 2 ).
HMI technique can be used as a simple model to investigate
uto-ignition in the mixing layer without diffusion. A batch of HMI
amples is performed with different temperatures and composi-
ions under a speciﬁc pressure. Each sample of HMI can be treated
s an ignition location isolated from its neighbours and left to ig-
ite. The initial proﬁles of mass fractions of reactants and temper-
ture can be interpreted by the mixture fraction as follows, IDT of
ach sample then can be characterized by its mixture fraction ξ
Y H = Y H, f u ξ
Y O = Y O,ox ( 1 − ξ ) 
 = T ox − ξ
(
T ox − T f u 
)
here Y H, fu = 0.023, Y O, ox = 0.233, T ox = 1100 K, T fu = 300 K. IDTs t ign
f each sample are plotted as a function of ξ in Fig. 3 . The tem-
erature proﬁle is also shown. For all cases under different pres-
ures, IDT decreases from the very lean mixtures to the richer side,
hen a minimum IDT occurs and most-reactive mixture fractionixture fraction under different pressures (a) p = 1 atm (b) p = 5 atm (c) p = 10 atm 
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Fig. 5. LMI calculation: instantaneous value of the local heat release as a function of the mixture fraction under different pressures (a) p = 1 atm (b) p = 5 atm (c) p = 10 atm 
(d) p = 30 atm. 
Fig. 6. LMI calculation: instantaneous value of the local OH radical mass fraction as a function of the mixture fraction under different pressures (a) p = 1 atm (b) p = 5 atm 
(c) p = 10 atm (d) p = 30 atm. 
Please cite this article as: T. Yao et al., Direct numerical simulation study of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 7. Laminar mixing ignition (LMI) calculation: instantaneous value of the local HO 2 radical mass fraction as a function of the mixture fraction under different pressures 



























































t  ξmr which corresponds to the minimum of ignition delay times
can be found. The most reactive mixture fraction still locate in
the lean mixtures. At high values of mixture fraction, IDT increases
and shows an almost exponential behaviour. Most reactive mixture
fractions are 0.08, 0.03, 0.04, 0.04 for pressures p = 1, 5, 10, 30 atm,
respectively. The IDTs of different pressures are consistent with the
previous ignition regime ( Fig. 2 ) overall. 
Most reactive mixture fractions obtained by HMI was used as
an indicator of positions in the mixture fraction space for the on-
set of auto-ignition in laminar and turbulent diffusion ﬂames in
previous studies [9–11] . However, the isolated ignition assump-
tion in mixing layer is not adequate in practical cases, as diffu-
sion may play an important role in this process and inﬂuence the
auto-ignition locations in the mixture fraction space, which will be
shown later. 
Fig. 4 shows the evolution of temperature and radicals during
the HMI process corresponding to the most reactive mixture frac-
tion ξmr under different pressures. For all cases, auto-ignition pro-
cess can be divided into two stages. The ﬁrst is induction stage
characterized by a radical explosion without heat release, and rad-
icals accumulate quickly without temperature increase. The sec-
ond stage is thermal runaway characterized by the temperature
increase to ﬁnal equilibrium. It can be seen that radicals behave
differently in the induction stage for low and high pressures. 
Fig. 4 (a) shows the evolution of radicals and temperature during
the ignition process at p = 1 atm, which belongs to the ﬁrst igni-
tion limit. It can be seen that concentrations of all radicals increase
exponentially in the induction stage before noticeable temperature
rising. Concentrations of HO 2 and H 2 O 2 drops slightly then and
their peaks locate at the onset of temperature increasing stage.
Radicals of H, O, OH continues to increase exponentially and reachPlease cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016heir peak concentrations at the ignition instant. Therefore, H rad-
cals could be used as a good candidate of marker variable of the
gnition delays under pressure p = 1 atm. 
As pressure increases to p = 5 atm, it can be seen in Fig. 4 (b)
hat HO 2 and H 2 O 2 play more prominent roles and the peak con-
entrations of HO 2 and H 2 O 2 radicals are two orders of magnitude
ore than that of H radical. Concentrations of HO 2 and H 2 O 2 rad-
cals increase dramatically at the very beginning, and the growth
lows down until the ignition point. Although the concentration
f H radicals grows almost exponentially in the induction stage,
he slope of growth along with the peak concentration is far less
han that at p = 1 atm, which leads to a much longer ignition de-
ay time. Elementary reactions analysis shows that in the very early
tage of ignition, the radical pool is initiated by slow reaction be-
ween H 2 and O 2 through H 2 + O 2 = H + HO 2 . HO 2 further accu-
ulates through H + O 2 + M = HO 2 + M and acts as a “sink” along
ith H 2 O 2 for other radicals like H, O, OH. Chain branching re-
ction HO 2 + H = OH + OH which consumes HO 2 becomes increas-
ngly important as the temperature begins to increase and the ig-
ition instant is approaching. 
Proﬁles of temperature and radicals concentrations during auto-
gnition process at p = 10 atm are shown in Fig. 4 (c). As crossover
ressure between the second and third ignition limits, evolutions
f radicals are almost identical to that of p = 5 atm. Although radi-
als reach peak concentration earlier than p = 5 atm, ignition delay
ime is longer. 
Fig. 4 (d) shows temperature and radicals evolution at
 = 30 atm. Although induction time for radicals accumulation
ecreases, thermal runway time becomes longer, which is caused
y moderate heat release. It is worth noting that peak concentra-
ion of HO 2 before ignition reaches the same level and correspondsstudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 8. LMI calculation: instantaneous value of the local H 2 O 2 radical mass fraction as a function of the mixture fraction under different pressures (a) p = 1 atm (b) p = 5 atm 


























































r  o a mass fraction of 10 −4 for different pressures. The value of
O 2 peak concentration can be used as a better indicator of onset
f ignition than H radicals at elevated pressures. 
.2. Laminar mixing ignition 
As diffusion is supposed to play an important role in the auto-
gnition process of mixing layer, laminar mixing ignition (LMI)
odel is employed to accounts for diffusion in one-dimension. De-
ailed multicomponent transport formation is used to accurately
redict preferential diffusion effects in the hydrogen ﬂame. IDT is
eﬁned as the period from t = 0 ms to the instant of inﬂection of
aximum heat release rate in the domain. The deﬁned of IDT in
MI is consistent with HMI. 
The instantaneous values of local heat release in the mixture
raction space around the auto-ignition under different pressures
f LMI calculations are shown in Fig. 5 . IDTs for different pres-
ures are 0.28, 1.7, 4.1, 6.0 ms, respectively. The auto-ignition zones
re “thinner” for higher pressures because the bottom zone in the
icinity of the most reactive mixture fraction is wider for p = 1 atm
han others in the HMI calculation shown in Fig. 3 . The mixture
raction corresponding to the maximum heat release at the igni-
ion time is most reactive mixture fraction. As pressure increase,
he most reactive mixture fractions are 0.11, 0.05, 0.06 and 0.10 for
 = 1, 5, 10, 30 atm, respectively. 
It can be seen from Fig. 5 that ignition spots propagate to the
eighbouring rich mixtures and evolve into a ﬂame front after
uto-ignition, and heat release rate of the auto-ignition kernels be-
ins to drop for the depletion of the reactants after ignition. Mix-
ure fractions at the very beginning of thermal runway t = 1.2 msPlease cite this article as: T. Yao et al., Direct numerical simulation s
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016nd auto-ignition instant t = 1.7 ms are marked with dash lines in
ig. 5 (b). Although the onset of thermal runaway locates at the
ixture fractions identical to HMI, the most reactive mixture frac-
ion is inconsistent with the homogeneous calculation and shift to
he rich side because of diffusion. It is the same for other pres-
ures. Therefore, identiﬁcation of the most reactive mixture frac-
ion using HMI model is insuﬃcient for diffusion auto-ignition. 
Although ignition delay time is shorter for p = 30 atm than
 = 10 atm in HMI calculations, diffusion auto-ignition delay time
ecomes longer. It may be caused by relatively longer thermal run-
way time at p = 30 atm shown in Fig. 5 (d). Heat loss of the igni-
ion spots by diffusion delays the ignition time. Heat release rate
eaches about 1.5 GW for p = 1, 5 and 10 atm in Fig. 5 (a)–(c), it
an be seen from Fig. 5 (d) that heat release rate of p = 30 atm is
oubled at the ignition time compared with other cases. 
Fig. 6 shows the instantaneous value of the local OH mass frac-
ion in the mixture fraction space. It can be seen that OH behaves
ifferently between p = 1 am and elevated pressures. The concen-
ration of OH is trivial during auto-ignition at high pressures of the
econd and third ignition limit zone, which is consistent with the
MI calculations. However, after ignition kernels successfully ignite
he neighbourhood and turn into a propagating ﬂame front, mass
ractions of OH increases dramatically. Therefore, OH radicals can
e used as a marker variable for the transition of auto-ignition to
ame propagation, and a global ignition capability of the overall
ow at elevated pressures of the second and third ignition zone. 
Fig. 7 shows the instantaneous value of the local HO 2 radical
ass fraction as a function of the mixture fraction Z under dif-
erent pressures. Ignition happens instantly after the HO 2 mass
eaches the value of 2 ×10 −4 except for p = 1 atm, which is con-tudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 9. Turbulent calculation: instantaneous radicals and heat release rate contours at the ignition time for p = 1 atm (a) Heat release rate (b) OH (c) HO 2 . (For interpretation 

















c  sistent with previous study [9] . At the ignition spot, HO 2 is con-
sumed after onset of the auto-ignition. The location of peak HO 2 
always remains at lower temperatures. Thus, HO 2 can also be used
as an indicator for locating the ignition spots. Most reactive mix-
ture fraction of 0.03 calculated in HMI and 0.06 in LMI are marked
with dash lines in Fig. 7 (b). It can be seen that peak concentration
of HO 2 forms in the mixture fraction of 0.03 (most reactive mix-
ture fraction of HMI) at the early stage of the ignition process but
moves to the richer mixture faction subsequently. Peak concentra-f  
Please cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016ion of HO 2 locates at most reactive mixture fraction of 0.06 and
egins to drop after the ignition instant. 
Fig. 8 shows the H 2 O 2 concentrations at various time instants
uring the auto-ignition process. At p = 1 atm, peak mass fraction
f H 2 O 2 at ignition instant is ∼2 ×10 −5 , which is lower than higher
ressures. In Fig. 8 (b), at p = 5 atm, H 2 O 2 reaches peak concentra-
ion in the ignition spot which is corresponding to most reactive
ixture fraction 0.06 at t = 1.7 ms. After ignition, H 2 O 2 is almost
onsumed completely in the ignition spot. Most reactive mixture
raction of 0.03 calculated in HMI and 0.06 in LMI are also markedstudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 10. Turbulent calculation: instantaneous radicals and heat release rate contours at the ignition time for p = 5 atm (a) Heat release rate (b) HO 2 (c) H 2 O 2 (d) OH. (For 
interpretation of the references to colour in this ﬁgure text, the reader is referred to the web version of this article.) 
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Fig. 11. Turbulent calculation: instantaneous radicals and heat release rate contours at the ignition time t = 3.80 (left side) and t = 3.90 (right side) for p = 10 atm. (a) Heat 



















awith dash lines in Fig. 8 (b). Concentration of H 2 O 2 shows similar
behaviour with HO 2 in Fig. 7 (b). 
4.3. Turbulent mixing ignition 
Turbulent mixing ignitions (TMI) are performed under different
pressures. Contours of instantaneous heat release rate and mass
fraction of HO 2 , H 2 O 2 and OH are shown in Figs. 9–12 . The isolines
of most reactive mixture fraction (white lines) and stoichiometric
mixture fraction (red lines) are also shown in the ﬁgures. Auto-
ignition occurs on the most reactive isolines and are away from
the stoichiometric mixture fraction isolines for all cases of differ-Please cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016nt pressures. IDTs for different pressures of p = 1, 5, 10, 30 atm
re 0.28, 1.7, 3.8, 4.72 ms respectively. 
.3.1. p = 1 atm at the ignition time t = 0.28 and t = 0.29 ms 
In the presence of weak turbulence at p = 1 atm in Fig. 9 , igni-
ion occurred uniformly in the most reactive region. The ignition
egion is wide for p = 1 atm, for the same reason indicated in LMI.
n Fig. 9 (b), HO 2 mainly distributes on the cold side of the ignition
one. In Fig. 9 (d), OH distributes in the center of the ignition zone.
oreover, concentrations of H 2 O 2 are trivial under p = 1 atm and
ot shown here. After all, ignition process shows similar features
s LMI. study of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 12. Turbulent calculation: instantaneous radicals and heat release rate contours at the ignition time for p = 30 atm (a) Heat release rate (b) HO 2 (c) H 2 O 2 (d) OH. (For 
interpretation of the references to colour in this ﬁgure text, the reader is referred to the web version of this article.) 
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Fig. 13. Conditional heat release rate proﬁle and scalar dissipation rate proﬁle as a function of Y -axis along the most reactive mixture fraction isoline at ignition instant 














































d  4.3.2. p = 5 atm at the ignition time t = 1.70 and t = 1.80 ms 
As pressure increases to p = 5 atm in Fig. 10 , ignition spots
become scattered. After ignition, the ﬂame kernels propagate to
the fuel rich zones. The ﬂame propagation is like a ‘half-spherical’
ﬂame in the mixing layer zone. As temperature increases on the
lean side, the wrinkling of the most reactive mixture fraction iso-
line (white line) is less than that of stoichiometric mixture fraction
isoline (red line) with viscosity increasing. Flame fronts are barely
winkled by the turbulence. Heat release focuses on the ﬂame front
on the rich side of the kernel. 
4.3.3. p = 10 atm at the ignition time t = 3.80 ms and t = 3.90 ms 
It can be seen in Fig. 11 that ignition process of p = 10 atm is
similar to that of p = 5 atm. Several ignition spots emerge on the
most reactive mixture fraction isoline (white line) at the ignition
time t = 3.80 ms. In Fig. 11 (a), at t = 3.90 ms, heat release rate at
the center of the ignition spots drops dramatically as the depletion
of the reactants. In addition, the ignition spot transit to a ﬂame
front on the edge of the ignition spots. In Fig. 11 (b) and (c), HO 2 
and H 2 O 2 peaks in the ignition spots at the ignition time instant
and drops after the transition. In Fig. 11 (d), concentrations of OH
are trivial in the ignition spots and increases on the ﬂame front,
which contributes to the successful transition of ignition to ﬂame
propagation. 
4.3.4. p = 30 atm at the ignition time t = 4.72 and t = 4.80 ms 
In Fig. 12 , as pressure increases, mixture fraction isolines are
more wrinkled and fractal ignition spots are observed for thePlease cite this article as: T. Yao et al., Direct numerical simulation 
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016maller turbulent length scale. At the ignition instant t = 4.72 ms,
gnition spots are located on the most reactive mixture isoline of
.1 (white line), which is consistent with the LMI calculations. HO 2 
nd H 2 O 2 can still be used as a good marker variable for identiﬁ-
ation of ignition spots. Although turbulent Reynolds numbers are
dentical for all pressures, high dissipation rates at p = 30 atm in-
errupt the continuity of the ignition along the most reactive mix-
ure fraction line, which leads to distributed and stretched ignition
pots. The ignition spots are more irregular for p = 30 atm. 
.3.5. The effects of ﬂuctuations of scalar dissipation rate 
The relationship between scalar dissipation rate and heat re-
ease rate along the most reactive isoline at ignition time under
ifferent pressures is shown in Fig. 13 . For all cases, the regions
ith lower scalar dissipation rate correspond to higher heat release
ate, which indicates the locations of auto-ignition spots along the
ost reactive mixture fraction isoline. High dissipation deceler-
tes the thermal runaway stage through heat loss from the igni-
ion spots, and low dissipation rate accelerates thermal runaway.
n Fig. 13 (a), at p = 1 atm, heat release rate ranges from 1 Gw
o 1.4 Gw along the Y -axis, which indicates uniformly ignition at
 = 1 atm. In Fig. 13 (b) and (c), at p = 5 atm and 10 atm, the range
f heat release rate becomes large, and there are regions where
eat release rates are too small to ignite the mixtures. This in-
icates scattered ignition spots in the domain. In Fig. 13 (d), at
 = 30 atm, magnitude and frequency of the ﬂuctuations of scalar
issipation rate are larger than other cases. There are two sharpstudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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Fig. 14. Evolution of maximum temperature and heat release rate in the auto-ignition of laminar and turbulent diffusion mixing layer under different pressures (a) p = 1 atm 

















































 ncreasing in heat release rate where scalar dissipation rates are
elatively low. 
.4. Comparison of ignition characteristics between LMI and TMI 
Fig. 14 shows the evolution of maximum temperature and heat
elease rate in the computational domain of laminar and turbulent
iffusion mixing layer under different pressures. As indicated ear-
ier, auto-ignition process can be divided into two stages, which
re induction stage and thermal runaway stage. It can be seen that
he induction times are almost identical for laminar and turbulent
ases for all cases. Turbulence has little inﬂuence on the induction
ime but signiﬁcant inﬂuence on thermal runaway, which leads to
 shorter ignition delay time for the turbulent cases. As the tem-
erature increase and heat release of the thermal runaway stage
re linear to residence time, turbulence will create lower dissipa-
ion rate zones that will accelerate thermal runaway. However, in-
uction stage is characterized by radical explosion exponentially,
nd the induction time is barely affected by turbulence. 
. Conclusions 
DNS of hydrogen-air mixing layer auto-ignition is performed in
MI, LMI, TMI. Different pressures p = 1, 5, 10, 30 atm on ignition
haracteristics are investigated. Results in the present work con-
rm qualitatively theoretical and experimental ﬁndings from litera-
ure regarding the correlation between the ignition spots and most
eactive mixture fraction. Previous studies of hydrogen/air mixingPlease cite this article as: T. Yao et al., Direct numerical simulation s
elevated pressures, Computers and Fluids (2018), https://doi.org/10.1016ayer focus on lower pressures p = 1 atm. The ignition chemistry
ies in the ﬁrst ignition regime. In the present work, the pressure
as been extended to p = 5,10 and 30 atm in second and third ig-
ition regime. Several conclusions can be drawn from the present
tudy. 
• For most reactive mixture fractions are deﬁned as the loca-
tions of ignition spots in the mixture fraction space. Most reac-
tive mixture fractions in diffusion auto-ignition are inconsistent
with HMI calculations and shift to the rich side owing to dif-
fusion for all pressures. Most reactive mixture fractions in TMI
are identical to LMI. Therefore, calculations performed by LMI
can be used as indications for TMI. 
• At elevated pressures, auto-ignition chemistry is different from
low pressures. The importance of H 2 O 2 and HO 2 is highlighted
as radical sinks during the ignition process. The location of peak
HO 2 and H 2 O 2 always remains at low temperatures. When ig-
nition happens in the local spots, HO 2 and H 2 O 2 are consumed
quickly. Thus, HO 2 can also be used as an indicator for locating
the ignition spots. After ignition, OH radicals increase dramat-
ically on the edge of ignition spots. Therefore, OH radicals can
be used as a marker variable for the transition of auto-ignition
to ﬂame propagation, and global ignition capability at elevated
pressures of the second and third ignition zone. 
• Auto-ignition of diffusion mixing layers consists of radical ex-
plosion and thermal runaway. At high pressures, scalar dissi-
pation has little inﬂuence on the radical explosion stage for
the exponential accumulation of the radicals. However, turbu-tudy of hydrogen/air auto-ignition in turbulent mixing layer at 
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 lence has great inﬂuence on the thermal runaway and accel-
erates ignition through promoting thermal runaway. As pres-
sures increasing, magnitude and frequency of the ﬂuctuations
of scalar dissipation rate become larger, resulting to sharp in-
creasing in heat release rate where scalar dissipation rates are
relatively low. 
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